There is a need for musculoskeletal cartilage replacements due to the limited self-regenerative capacity of cartilaginous tissue [1] . Cell-based 
commitment of hESCs [16] . Recent studies have also demonstrated direct chondrogenic differentiation of hESCs by co-culture with primary chondrocytes [17, 18] .
However, current protocols of directing chondrogenic differentiation of ESCs are greatly hampered by cellular heterogenicity of the resulting cultures [12, [19] [20] . Potential 
Materials and methods

Culture of hESCs
The NIH-registered H9 cell line, isolated and established at the University of Wisconsin, was used in this study . hESCs were cultured and passaged as described [3] .
In vitro derivation and differentiation of chondrogenic cells from hESCs
Differentiation was carried out in four stages, as shown in Fig. 1 .
Stage 1: embryoid body (EB) formation hESC colonies were dissociated into clumps through treatment with 1 mg/ml collagenase type IV and then transferred to non-adherent six-well culture plates (Corning, Inc., Lowell, MA, USA) in EB formation media consisting of a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and F12 nutrient (Invitrogen, Grand Island, NY, USA), 10% knockout serum replacer (Invitrogen), 10% foetal bovine serum (FBS) (Hyclone, Logan, UT, USA), 1mM L-glutamine (Invitrogen), 1% (v/v) non-essential amino acids (Invitrogen) and 0.1 mM ␤-mecaptoethanol (Sigma, St. Louis, MO, USA). When cultured on a non-adherent surface, the suspended hESC clumps form free-floating aggregates or EBs for a period of 5 days, during which the culture medium was changed on days 2 and 4 of culture.
Stage 2: chondrogenic induction
Chondrogenic differentiation of EB-derived cells was induced under highdensity micromass culture conditions, as described previously [16, 21] .
Cells were cultured in the basic serum-free chondrogenic medium consisted of high-glucose DMEM (Sigma) 
Stage 3: isolation and expansion of chondrogenic cells
Chondrogenic cells were isolated from the high-density micromass cultures by 0.15% collagenase P (Roche Diagnostics GmbH, Mannheim,
Fig. 1 Chondrogenic commitment of hESCs and isolation of expandable chondrogenic cells. Schematic representation of the differentiation protocol for hESC chondrogenesis. The hESCs were cultured on MEF feeder layer and dissociated to form EBs for a period of 5 days. 5'd' EBs were then chondrogenically differentiated as high-density micromasses in serum-free chondrogenic medium in the presence of 10 ng/ml TGF-␤1 for 21 days. Chondrogenic cells are isolated by collagenase treatment and allowed to expand in monolayer in expansion medium supplemented with TFP growth factors (1 ng/ml TGF-␤1, 5 ng/ml FGF-2 and 10 ng/ml PDGF-bb) before induced to form cartilage-like pellets for up to 28 days in presence of 10 ng/ml TGF-␤1.
Stage 4: in vitro cartilage-like tissue formation
To 
Multilineage differentiation analysis
To further assess the differentiation capacities of EB-derived chondrogenic cells, differentiation to osteogenic and adipogenic lineages were performed as previously described [22] . [25] [26] [27] . 
RT-PCR and real-time PCR quantitative analysis
Histology and immunostaining
OC-R: 5Ј-GCCGTAGAAGCGCCGATAGGC-3Ј
␤-actin ␤-ActinF: 5Ј-CCAAGGCCAACCGCGAGAAGATGAC-3Ј 587
were fixed in 4% paraformaldehyde in PBS overnight and processed into paraffin wax blocks. Sections were cut at 5 m and stained with haematoxylin and eosin, Masson's Trichrome and Alcian blue following the standard procedures as previously described [28] . Immunohistochemistry to detect collagens I, II and X was carried out following the procedures as previously described [28] . Sections of hepatocarcinoma were also included as positive control for ␣-fetoprotein (AFP) immunohistochemical staining.
Biochemical analysis
Samples were digested as previously described [21] . 
Teratoma assay and articular cartilage defect transplantation
For teratoma assay, H9 or TC1 cells (5 ϫ 10 6 cells) were injected into the rear leg muscle of 4-week-old female SCID mice, as previously described [33] .
Animals that developed tumours (Ϸ6 weeks after injection) were killed and processed for histological analysis. For articular cartilage defect transplantation, TC1 cells (5 ϫ 10
) were pellet-cultured in the presence of TGF-␤1 for 14 days and transplanted into osteochondral defects (Ϸ2 mm) created on the patellar groove of the distal femur of Sprague-Dawley rats (n ϭ 4). Empty defects with no implant served as control. The rats were given daily administration of cyclosporine at (14 mg/kg body mass) to prevent immune rejection of human cells implanted. After 6 weeks, the rats were killed and distal femora were resected en bloc and processed for histological analysis. Animal experiments were performed in accordance with Institutional Animal Care and Use Committee (IACUC) of National University of Singapore.
Statistical analysis
All quantitative data reported here were analysed using Student (Fig. 2D) (Fig. 3B) (Fig. 6C) . [34] (Fig. 7A) . (Fig. 7B) (Fig. 7C) . In addition, TC1 displays a somatic cell cycle kinetics (Fig. 7D ) and a normal karyotype (Fig. 7E) . As expected from the normal cell cycle profile and the loss of pluripotency, intramuscular injection of TC1 cells in SCID mice, contrary to undifferentiated hESCs which developed palpable teratomas after 6 weeks, did not produce teratomas even after more than 9 weeks after injection (Fig. 7F) . collagen II appeared to be most intense in pellets generated by TC1 cultured on COL2 substratum (Fig. 7G) 
. Taken together, these results suggest that TGF-␤1, among the different growth factor treatment regimes, induced the highest Col 2 expression and highest Col 2/Col 1 ratio consistent with the highest number of collagen II positive chondrogenic cells observed.
Growth factor modulation of chondrogenic commitment
We also investigated how BMP-2 and TGF-␤1 may modulate the differentiation of other lineages under our chondrogenic conditions (Fig. 4). The EB micromass system showed a considerable inhibition in development to other lineages, as compared to the EB outgrowth system in control chondrogenic condition. Under the micromass system, differentiation to the neuronal lineage (indicated by NFH) was greatly impeded. Differentiation to epidermal lineage, marked by the expression of cK14, was only observed in BMP-2 supplemented conditions. In the presence of TGF-␤1 alone, there was limited induction of extra-embryonic endoderm lineage as indicated by ␣-FP, and suppression or limited induction of haematopoietic/endothelial lineages as indicated by VEGFR-2 and PECAM-1. Adipogenesis (indicated by PPAR␥) was up-regulated in the presence of BMP-2 but was inhibited by TGF-␤1 in the micromass system. Osteogenesis (indicated by OC ) was limited, with only low level detected in the EB outgrowth in chondrogenic condition without growth factor supplementation.
Generating expandable chondrogenic cells from micromass cultures
As chondrogenic cells were organized not only in nodules but also in filamentous collagen network in the peripheral outgrowth, we attempted to enrich these chondrogenic cells by collagenase treatment and passing the cells through a 40-m mesh. Single cell suspensions derived from collagenase digestion were plated onto UC, GL or COL2-coated plates to test whether different substrates would influence the differentiation characteristics and marker gene expression of the isolated chondrogenic cells. Percentage of adhesion on UC, GL and COL2 surfaces were 35%, 65% and 51%, respectively (Fig. 5A). There was rapid de-differentiation of the chondrogenic cells upon monolayer attachment and expansion, yielding a homogenous population of collagen I positive cells regardless of the extracellular matrix (ECM) substrate that was used for expansion (Fig. 5B and C). These chondrogenic cells maintained high proliferative ability and chondrogenic differentiation potential when cultured in the presence of TFP growth factor supplementation. Proliferation was assessed by initial plating of the cells at 2 ϫ 10 4 cells/cm 2 and monitoring the cell number at confluence every 72 hrs. When these chondrogenic cells were cultured in TFP-supplemented medium, a homogenous and expandable culture of spindle-shaped, fibroblast-like cells was generated within 2 weeks (Fig. 6A). Chondrogenic cells initially displayed a slow proliferation rate, but proliferation increased significantly
Fig. 3 Characterization of TGF-␤1-induced chondrogenic differentiation. (A) Temporal expression pattern of chondrogenic genes Col 1, Col 2 and Sox9 in TGF-␤1-induced chondrogenic differentiation of EB-derived cells. Results showed the mean magnitudes of mRNA levels normalized to GAPDH, and expressed relative to the expression levels of undifferentiated hESCs. Values are means Ϯ S.D. from three independent experiments with statistical significance at *P Ͻ 0.05, compared to the control. (B) Chondrogenic cells derived from micromass cultures of EB-derived cells at day 21 of TGF-␤1-induced chondrogenic differentiation were double-stained with anti-collagen II (green) and anti-collagen I (red) specific antibodies and nuclear-counterstained with DAPI (blue) (a). Higher magnification images for phase-contrast (b), collagen I (red) (c), collagen II (green) (d), nuclear staining with DAPI (blue) (e) and merged images of collagen II and DAPI (f) and collagen I/II and DAPI (g). Single collagen II positive cells are highly enriched in the presence of TGF-␤1 (arrow) Scale bar
Pellet cultures of expanded chondrogenic cells demonstrated significant deposition of s-GAG only when differentiated in the presence of TGF-␤1 (Fig. 6D). In the presence of TGF-␤1, chondrogenic cells
Fig. 4 Lineage restriction analysis of EB-derived cells during chondrogenesis. (A) 5'd' EBs were dissociated into single cells and plated as
In addition, lineage restriction analysis by means of RT-PCR and specific immunostaining further confirmed that these cells are lineage-restricted and depleted of other cell types, particularly the undifferentiated and the endodermal cells (Fig. 7B). These cells are also highly proliferative with approximately 60% of cells being positive for Ki67. Upon differentiation in pellet culture in the presence of TGF-␤1, these chondrogenic cells formed highly homogenous cartilaginous tissue with morphological similarities to neocartilage, such as round cells embedded in lacunae (Fig. 7B). Lineage restriction analysis by means of RT-PCR confirmed that the TC1-derived cartilaginous tissue was depleted of cells of ectodermal and endodermal lineages (data not shown). Absence of endodermal cells was further confirmed by AFP immunostaining
Extracellular matrix modulation of chondrogenic capacity of chondrogenic cells
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Discussion
Directed chondrogenic differentiation of EB-derived cells in a highdensity micromass system has been established in previous study [16] . development [35] [36] [37] [38] [39, 40] and murine embryonic stem cells [9] , of which TGF-␤1 alone was sufficient to promote chondrogenesis of EB-derived cells in our adherent micromass system. In addition, the effect of TGF-␤1 on chondrogenesis may be correlated with enhanced chondrogenic commitment and the loss of propensity to ectodermal, haematopoietic and adipogenic lineages. In line with our previous report [16] [44] [45] . Indeed, chondrocytes were found to respond to ECM components, including collagen I [46] , collagen II [44] and hyaluronic acid [47] [48] . This reflects a fundamental difference in cell origin, and TC1 derived from hESCs may resemble more closely to chondrocytes in that they are not prone to hypertrophic differentiation during expansion [49] or in the presence of TGF-␤1 as an inhibitor of hypertrophy of chondrocytes [50] .
TC1 [15] and co-culture with chondrocytes [17, 18] [51] , gene therapy [52] , and cell-based therapy [53] for fibrocartilage repair in knee meniscus and temporomandibular joint disc as well as hyaline cartilage repair in articular cartilage.
